Abstract: A multianalytical study of two Serbian icons, "The Virgin and Child" and "St. Petka", painted on canvas by unknown authors was performed in order to identify the materials used as pigments, binders and the ground layer. The investigated icons belong to the Museum of the Serbian Orthodox Church in Belgrade. Samples, collected from different parts of the icons, were analysed by: optical microscopy (OM), energy dispersive X-Ray fluorescence (EDXRF), Fourier transform infrared (FTIR) and micro-Raman spectroscopy. The obtained results revealed the presence of the following pigments: Prussian Blue, ultramarine, Green Earth, iron oxides, Lead White and Zinc White. Linseed oil was used as the binder. The materials used for the ground layers were gypsum, calcite, baryte and Lead White. The gilded surface of the icon "The Virgin and Child" was made of gold. The gilded surface on the frame of this icon was made of imitation of gold, i.e., Schlagmetal, since EDXRF spectroscopy showed the presence of copper and zinc, while gold was not detected. Based on the style and the consideration of an art historian, as well as on the obtained results for the corresponding pigments and binder, both icons were most probably made at the end of 19 th or the beginning of the 20 th century.
INTRODUCTION
Preservation of cultural heritage is traditionally a task for conservators, restorers and art historians. Scientific investigation of cultural heritage started at the beginning of 20 th century. 1 Nowadays, the application of different analytical methods is essential for the identification of the materials of which artworks are made and of the techniques employed by the artists. These analyses aid art histo-806 DAMJANOVIĆ et al. rians to better understand the history of an object since many of the choices made by the artist were influenced by the current state of technology, economics, politics and many other factors. 2 They provide important information not only for the determination of the provenience and authenticity of works of art, but also can help conservators and restorers to choose the most appropriate procedure for restoration, conservation and display. 3 Scientific investigation of paintings or icons is a demanding task due to the small amounts of the samples, usually in the micro or sub-micro range (when available), and the presence of different organic and inorganic compounds in the sample. In order to obtain complete characterization of these complex mixtures, the application of different analytical techniques is required. 4 When possible, samples are taken from damaged regions or from the edges of the painting, and they should be representative of the area under study. The technological procedure followed by painters and iconographers usually means that the ground layer is applied first to prepare the surface of a canvas or a panel, followed by application of a painting layer, which is a mixture of pigments and binding media and their composition gives the colour quality. Finally, varnish, which is mainly based on natural resins, is applied as a protective coating but also for particular visual effects. 5 Pigments can be organic or inorganic compounds and chronological use of most pigments is known today. 6, 7 Hence, identification of pigments enables indirect dating of painted art objects.
In this work, a multianalytical study of two icons, "The Virgin and Child" (dimensions: 57 cm×90 cm) and "St. Petka" (dimensions: 55 cm×69 cm), painted on canvas by unknown authors was performed. The investigated icons are the property of the Museum of the Serbian Orthodox Church in Belgrade. Art historians classified the icons "The Virgin and Child" and "St. Petka" as Serbian icons made under the influence of West European baroque. The investigated icons represent two iconographic types: one depicts the Virgin Hodegetria, which is an often used motive, while other shows an individual Saint. Based on the style and art historian considerations, both icons were most probably made at the end of the 19 th or the beginning of the 20 th century. The icons were brought for restoration at the Academy of the Serbian Orthodox Church for Art and Conservation and a scientific investigation was performed during the restoration procedure. The aim of this study was to identify the materials used as pigments, binders and the ground layer on two icons by application of the physicochemical methods optical microscopy (OM), energy dispersive X-Ray fluorescence (EDXRF), Fourier transform infrared (FTIR) and micro-Raman spectroscopy. The obtained results contributed to the selection of an appropriate restoration procedure.
It is important to note that icons are usually studied from the historical, theological, iconographic and stylistic point of view. Only in the past decade was the materials aspect of icons considered. 8 Therefore, the results of this study SPECTROSCOPIC 
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together with art historical research will contribute to a better understanding of the painting techniques of Serbian icons.
EXPERIMENTAL
Samples
Samples were collected during the restoration procedure. Paint chips, approximately 1 mm 2 or even smaller, were removed by a clean and sharp scalpel from the edges of existing damaged regions on the icons (Fig. 1) . All samples contained small pieces of ground layer attached to the paint layer. A description of all the investigated samples and used analytical techniques are given in Table I . 
Analytical methods
Optical microscopy provides information about the sequence and the thickness of the layers in the paint chips samples and allows a preliminary characterisation of the materials in the paint layer and the ground layer. Cross sections of investigated samples were recorded by an Olympus BX51M optical microscope equipped with an Olympus U-RFL-T UV lamp and U-MWUS3 and U-MWBS3 filters.
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EDXRF spectroscopy is an often used method for non-destructive analysis of cultural heritage objects. It is a fast and reliable analytical technique that provides information about the elemental chemical composition. Due to the penetrative nature of X-rays, characteristic fluorescence radiation is recorded not only from the surface paint layers, but also from the covered layers including even the ground layer. In this work, qualitative EDXRF spectroscopy measurements were performed on an EDXRF spectrometer with a Canberra Si(Li) semiconductor detector and MCA analyzer S35+. MicroSAMPO software was used for the spectra acquisition and measurement time was 800 s for all the samples. For the excitation, an annular radioisotope source 109 Cd (manufactured by Isotope Products) with nominal activity of 740 MBq was used.
FTIR spectroscopy was used in order to reveal the molecular composition of organic and inorganic compounds in the investigated samples. FTIR spectra of all samples were recorded on a Nicolet 6700 spectrophotometer, using the KBr pellets technique in the wavenumber range from 4000 to 400 cm -1 .
Micro-Raman spectroscopy as non-destructive and micro-probe method is very convenient for investigation of samples from painted objects. Micro-Raman spectra were recorded on a DXR Raman Microscope (Thermo Scientific). The 532 nm line of a diode-pumped solid-state high brightness laser was used as the exciting radiation and the power of illumination at the sample surface was 0.5 mW. Collection of the scattered light was made through an Olympus microscope with infinity-corrected confocal optics, 25 µm pinhole aperture, standard working distance objective 50×, and grating of 900 lines mm -1 . The acquisition time was 10 s, with 10 scans. The laser spot diameter on the sample was 1 µm. Thermo Scientific OMNIC software was used for spectra collection and manipulation.
RESULTS AND DISCUSSION
Icon A: "The Virgin and Child"
Representative optical micrographs of samples taken from the icon "The Virgin and Child" are shown in Fig. 2 . The obtained optical micrographs, which are diversely coloured and show a multilayered structure, will be discussed later combined with the results of the EDXRF and FTIR spectroscopic analyses. Samples of paint chips taken from the icon "The Virgin and Child" (Table I ) were investigated by qualitative EDXRF spectroscopic analysis on both sides: the side with the surface paint layer and the side with the ground layer. The results obtained by EDXRF spectroscopy measurements are given in Table II . EDXRF spectroscopy is an elemental analysis and the results obtained by this method could be inconclusive. Therefore, it was important to combine this method with other techniques for the identification of the compounds present in the investigated samples. The results obtained by FTIR spectroscopy for the samples taken from the icon "The Virgin and Child" are shown in Fig. 3 . The investigated samples were mixtures of inorganic and organic compounds, which resulted in a broadening of the FTIR adsorption bands due to the overlapping of different vibrational modes. In the case of the blue sample, A1, the characteristic band in the FTIR spectrum, Fig. 3 , at 2094 cm -1 was assigned to the ν(C≡N) stretching vibration, which is highly specific for the pigment Prussian Blue, Fe 4 [Fe(CN) 6 ] 3 . 9 This result combined with the presence of Fe determined by EDXRF spectroscopy (Table II) confirmed that Prussian Blue was used as the blue pigment. FTIR spectrum of sample A1 (Fig. 3) showed bands at 1143, 670 and 600 cm -1 , which were attributed to the stretching modes of the sulphate group, ν(SO 4 2-), while the bands at 3545, 3405, 1686, 1617 cm -1 were attributed to OH -stretching and bending vibrations. 10 These bands originate from gypsum, dehydrated calcium 810 DAMJANOVIĆ et al. sulphate (CaSO 4 ·2H 2 O), as can been seen by comparison of FTIR spectra of sample A1 and gypsum (Fig. 3) . Gypsum was traditionally used for the ground layer of icons [11] [12] [13] and it was often naturally occurring mixed with celestine, strontium sulphate (SrSO 4 ), which explains the presence of Sr detected by EDXRF spectroscopy. The bands around 1450-1400 cm -1 originate from the vibrational mode of the carbonate group ν(CO 3 2-). 14 Weak bands at 2514, 1796, 873 and 713 cm -1 in the FTIR spectrum of sample A1 (Fig. 3) together with a broad band at 1430 cm -1 confirmed the presence of calcite (CaCO 3 ). 10 The EDXRF spectra of the ground and paint layer of sample A1 are shown in Fig. 4 . The intensity of the peak for Ca in the EDXRF spectra of sample A1 was higher for the ground layer than for the paint layer. Therefore, the ground layer was made of gypsum and calcite. Since Pb was detected by EDXRF spectroscopy, the carbonate bands in the FTIR spectrum of sample A1 could also originate from Lead White, basic lead carbonate (2PbCO 2 ·Pb(OH) 2 ). The intensities of the peaks originating from Pb in the EDXRF spectra were higher for the side with the paint layer than for the side with the ground layer (Fig. 4) . This finding indicates that Lead White was used as the pigment to obtain an appropriate hue of blue, which is in accordance with the presence of white grains in the blue paint layer of sample A1, observed in the optical micrographs (Fig. 2) . In all the FTIR spectra, characteristic bands originating from CH 2 and CH 3 stretching vibrations appeared at 2925 and 2850 cm -1 , revealing the presence of organic matter 15 that originates from a binder, but the particular compound could not be unambiguously determined based solely on this finding. Considering the detected pigments and style of the icon, most probably linseed oil was used. In the cross section of sample A2, taken from the gilded area of the icon, several different layers could be seen (Fig. 2) . The multilayered structure indicates that gilding was performed on several occasions.
There are two well-known gilding procedures: water gilding and oil gilding. 5, 16 Gold is usually applied in a form of thin leaves for decorative purposes on different materials. For water gilding, the ground layer was traditionally made of Red Earth pigment -Red Ochre (often called Red Bole). Application of gold on Red Ochre (composed of Fe 2 O 3 , clay and silica) results in warmer colours. 5, 16 The red-orange ground layer could be seen on the cross section of sample A2 (Fig. 2) . The EDXRF spectrum of the red-orange ground layer of sample A2 is shown in Fig. 5 . The high intensity of the Fe peaks in the EDXRF spectrum of the ground layer (Fig. 5 ) and the characteristic bands at 1107 and 1030 cm -1 in the FTIR spectrum of sample A2 (Fig. 3) , originating from Si-O stretching vibrations of aluminosilicates, 14 confirm the presence of the earth pigment ochre. In the case of ochres, the colouring agent is some non-clay pigment, e.g., iron oxides. 5 Depending on the iron oxide as well as on size of the grains, the ochres have different colours. In this particular case, careful examination of the optical micrograph (Fig. 2) revealed the presence of red and yellow pigment grains, which led to the conclusion that the Red Ochre was mixed with Yellow Ochre (Fe 2 O 3 ·H 2 O or FeOOH, clay and silica), 17 often called Yellow Bole, for obtaining a particular visual effect. As can be seen in Fig. 5 , the presence of Au was confirmed by EDXRF spectroscopy. The optical micrograph of sample A2 (Fig. 2) revealed the presence of three thin layers of gold. The first thin layer of gold was originally applied on a mixture of Red and Yellow Ochre. During previous restoration procedures, additional ground layer and gold layer were added twice on the same area. EDXRF spectroscopy also showed the presence of Ca, Zn and Pb in this sample. The FTIR spectrum of sample A2 (Fig. 3) confirmed the presence of calcite by the presence of characteristic bands. However, a broad band at 1430 cm -1 attributed to vibrational mode of carbonate group ν(CO 3 2-) could be the result of overlapping of signals originating from both calcite and Lead White. Moreover, the fluorescence of Zinc White was detected under UV light in the layer between the gold leaf applied on the mixture of Red and Yellow Bole and the next gold leaf. These findings indicate that the additional two ground layers were made of Lead White, Zinc White (ZnO) and calcite.
In addition, Cu was identified in the sample A2 by EDXRF spectroscopy. An alloy made of gold and copper is often used for gilding. 16 Amount of gold in the alloy is usually higher than 70 %. The relative intensities of the Cu and Au signals did not correspond to the expected values in the case of a gold and copper alloy, showing a higher amount of Cu (Fig. 5) . The optical micrographs revealed the presence of blue pigment grains in the top ground layer. Therefore, copper in the investigated sample could originate from an alloy with gold used for gilding as well as from a copper-based blue pigment in the top ground layer.
The EDXRF spectra of the surface layer and ground layer of sample A3 are shown in Fig. 6 . Cu and Zn were detected in the surface layer of sample A3, but not Au. An alloy of Cu and Zn in which the amount of Cu is 80 % or higher is known as Schlagmetal. It has the visual effect of gold and is used for gilding. The relative intensities of the Cu and Zn peaks in the EDXRF spectrum confirmed that Schlagmetal was used for the surface gilding layer on the frame. On the cross section of sample A3 (Fig. 2) , a yellow layer below the gilding could be seen. Iron present in sample A3 (Fig. 6 ) and the bands in the FTIR spectrum at 1111 and 1030 cm -1 , originating from Si-O stretching vibrations (Fig. 3) , indicate the presence of the Yellow Earth pigment -Yellow Ochre. The presence of calcite, identified in the FTIR spectrum of sample A3 (Fig. 3) , indicated that a mixture of calcite and Yellow Bole was used as the ground layer for the gilding on the frame.
Icon B: "St. Petka"
Representative optical micrographs and fluorescence photographs under UV light of samples taken from the icon "St. Petka" are shown in Fig. 7 . The fluorescence photographs of the green B1 and blue B3 samples (Table  I) , presented in Fig. 7 , show the intensive fluorescence of white pigment in the paint layer. The fluorescence was more intense for sample B3 compared to sample B1, Fig. 7 , revealing that the blue paint layer of sample B3 contained a higher amount of white pigment than the green paint layer of sample B1.
EDXRF spectroscopy analysis showed for all three samples the presence of the same elements, regardless of the sample colour (see Table II ). The EDXRF spectra of the paint layers of samples B1, B2 and B3 are shown in Fig. 8 . The peak originating from Zn had the highest intensity in all three EDXRF spectra. The fluorescence detected under UV light in combination with the Zn identified in paint layer by EDXRF spectroscopy confirmed the use of Zinc White as the white pigment to achieve a particular hue. Application of ZnO as a white pigment started in the first half of the 19 th century 7 and by the end of the 19 th century, it was considered the best quality white pigment.
The FTIR spectra of the investigated samples taken from the icon "St. Petka" are shown in Fig. 9 . The bands at 1174, 1120, 1077, 643 and 608 cm -1 in FTIR spectra of all three samples originated from barium sulphate (BaSO 4 ). 18 This is in agreement with the Ba detected in the EDXRF spectra. The presence of Sr, identified by EDXRF spectroscopy, indicated that natural baryte ore was used for the ground layer. 11 A broad, medium intensity band of ν(CO 3 2-) was detected at 1430 cm -1 . Since Ca and Pb are present in all three samples, both calcite and Lead White could contribute to this band.
Ground layer appeared as a single, thick and consistent layer in all the investigated samples. As no fluorescence was detected in the ground layer, it can be concluded that ZnO was used as a pigment, while baryte, Lead White and calcite were used for the ground layer.
Iron detected in the paint layer of sample B1 was the only indication of which pigment was used for the green colour. Most probably it was the pigment Green Earth, the colour of which originates from the specific ratio of divalent and trivalent iron incorporated in the structure of the clay minerals glauconite and celadonite. 5, 7 FTIR bands characteristic for Si-O stretching vibrations, between 1200-900 cm -1 , 19 were detected as a shoulder at about 990 cm -1 probably due to overlapping with the bands of barium sulphate. In addition, the employed EDXRF experimental setup cannot analyse elements such as Si, Al, Na and Mg. However, green pigments, other than Green Earth, contain some of the following elements: Co, Cu or Cr, but none of them were detected in the sample B1.
In the case of sample B2 and B3, EDXRF and FTIR spectroscopic analyses did not give conclusive answers about the used pigments. For this reason, microRaman spectroscopic analysis was performed. For sample B2 blue pigments Prussian Blue and ultramarine (Na [8] [9] [10] [Al 6 Si 6 O 24 ]S 2-4 ) were identified in the paint layer by characteristic Raman shifts, 20 as can be seen in Fig. 10 . Sample B3 showed intensive fluorescence during micro-Raman analysis and no definite answer about the used blue pigment was obtained. Considering presence of Fe detected in this sample by EDXRF spectroscopy, most probably Prussian Blue was used as the blue pigment.
In all FTIR spectra, characteristic bands originating from CH 2 and CH 3 stretching vibrations appeared at 2925 and 2850 cm -1 and carbonyl (C=O) stretching vibrations at 1740 cm -1 were present, confirming the use of linseed oil as binder. 15 
CONCLUSIONS
Two Serbian icons painted on canvas, "The Virgin and Child" and "St. Petka", by unknown authors were investigated by optical microscopy, EDXRF, FTIR and micro-Raman spectroscopy. The following pigments were identified: Prussian Blue, ultramarine, Green Earth, iron oxides, Lead White and Zinc White. The binder on both icons was linseed oil. The ground layers were made of gypsum, Lead White, calcite and baryte. The gilded surface of the icon "The Virgin and Child" was made of gold, while the gilded surface on the frame of this icon was made of imitation of gold, i.e., Schlagmetal, since EDXRF spectroscopy showed the presence of copper and zinc, while gold was not detected.
The materials identified as pigments, binders and ground layer in both investigated icons were widely in use during the 19 th century and at the beginning of 816 DAMJANOVIĆ et al.
the 20 th century. This finding confirms the initial assumption of the ages of these icon made by art historians and restorers.
